and choZine acetyltransferase activities in ischemic canine heart. Am. J. Physiol. 243 (Heart Circ. Physiol. 12): H788-H795,1982.-After coronary artery occlusion, enzymes involved in the synthesis of sympathetic and parasympathetic neurotransmitters may change disparately.
We investigated this in the canine heart by measuring the activity of tyrosine hydroxylase (TH) and choline acetyltransferase (CAT) in normal and ischemic tissue. Myocardial blood flow in selected regions was measured by the microsphere technique. Dogs had either ligation of the anterior descending coronary artery (LAD) or sham ligation (S). In the ischemic zone 5 h after LAD ligation, TH activity was lower than in corresponding anterior apical zones of S dogs (5.1 t 1.7 vs. 13.5 k 2.3 nmoleg-' l h-') (P < 0.05) with a tendency for greater decreases in endocardium than in epicardium.
In contrast, there were insignificant changes in CAT activity 2.5 and 5 h after LAD ligation.
Thereafter, progressive and significant (P < 0.05) decreases occurred in CAT activity at 25 and 170 h after LAD ligation. Thus there are early heterogeneous decreases in TH activity that correlate directly with heterogeneous deficits in blood flow. Although decreases in CAT are also heterogeneous and correlate with deficits in perfusion, these changes occur later. These results indicate differences in the effects of infarction on these biochemical indices of sympathetic and parasympathetic innervation in canine heart. coronary artery occlusion; myocardial blood flow; enzymes; neurotransmitter synthesis THE DURATION of ischemia is a major determinant of myocardial cell injury (20) , but its influence on autonomic innervation to the heart has yet to be determined. In the sympathetic system Mathes and Gudbjarnason (15) described a reduction in norepinephrine in ischemic areas of heart 24-96 h after coronary artery ligation. Using catecholamine fluorescence, Ahonen et al. (2) demonstrated that only insignificant changes were seen in adrenergic nerve fibers at 2-4 h after ligation of the coronary artery in rat; however, significant diffusion of the histochemical reaction was seen after 8 h of coronary artery ligation. Elharrar and Zipes (6) have suggested on the basis of electrophysiological studies that changes in sympathetic neural function to ischemic zones may occur even earlier. Less is known about the parasympathetic system in ischemic heart. Kent and co-workers utilized histochemical approaches in their investigations (8, 9, 17), but quantitative biochemical analyses of parasym-H788 pathetic innervation has not been feasible until recently (18) Both sympathetic and parasympathetic nerves could be altered by ischemia. However, these systems might differ with respect to changes over time and transmural distribution in ischemic regions (4, 6, 11). Two neurochemical indices in heart that reflect the status of sympathetic and parasympathetic innervation are, respectively, tyrosine hydroxylase activity (5) and choline acetyltransferase activity (18, 19, 22) . This study was undertaken to quantitate the activities of tyrosine hydroxylase and choline acetyltransferase in epicardium, midwall, and endocardium of ischemic and nonischemic canine heart at varying times between 2.5 and 170 h after coronary artery ligation.
METHODS
In this study occlusion of the left anterior descending coronary artery (LAD) was produced in dogs. The blood flow to tissues in which biochemical indices of innervation were determined was quantitated using radiolabeled microspheres.
The activity of tyrosine hydroxylase (TH; EC 1.14.16.2), a neuronal enzyme that mediates the synthesis of norepinephrine, and norepinephrine content were used as biochemical assessments of the sympathetic innervation. The activity of choline acetyltransferase (CAT; EC 2.3.1.6), a neuronal enzyme that mediates the synthesis of acetylcholine, was used as an assessment of the parasympathetic innervation.
The activity of a mitochondrial enzyme, carnitine acetyltransferase (EC 2.3.1.7), was used as a myocardial cell marker. These indices were measured in vitro in samples of tissue obtained from ischemic and adjacent nonischemic cardiac regions. Corresponding determinations were made in separate dogs with the same surgical preparation and sham ligation of the coronary artery.
Groups. Dogs, 16-30 kg body wt, were subjected to a left thoracotomy under pentobarbital sodium anesthesia (Nembutal, 25 mg/kg) and controlled ventilation (Harvard dog respirator, endotracheal tube). In experimental dogs an area of ischemia was produced by dissecting and ligating the LAD about midway along its length (Fig. 1 groups were further subdivided as described in RESULTS. In all groups care was taken to avoid manipulating tissues adjacent to the artery. To assess normal values further, determinations were also performed on a group of three control dogs that had a thoracotomy but no manipulation of the coronary arteries. These dogs were killed immediately after surgery.
Period of ischemia. After the ligation or sham ligation the dogs were killed at Z&5, 1225, or 170 h as specified. Data were obtained at 25 and 170 h to provide an indication of maximal changes. To quantitate blood flow to the heart just prior to death, the dogs were injected with radiolabeled microspheres via a left atrial cannula (14) . For technical reasons the dogs sampled at 2.5 and 5 h were kept anesthetized from the time of surgery until death. The dogs sampled at 12, 25, and 170 h were allowed to recover from anesthesia and were reanesthetized for sacrifice. Sham dogs were killed at corresponding times after the surgery and sham ligation of the coronary artery.
Determinations of myocardial blood flout. Microspheres 7-10 pm in diameter labeled with ?Sr, 46Sc, or g5Nb were used as previously described (14) . For each flow measurement about 2 X lo6 microspheres with a single label were suspended in 0.10-o. 15 ml normal saline and injected over 5 s or less into the left atrium; the cannula was flushed immediately with 15 ml saline. Prior to injection the vial containing microspheres and one drop of Tween 80 was vigorously agitated mechanically for at least 3 min. A reference blood sample was withdrawn from the femoral artery at a constant rate of 2.06 ml/min starting 45 s before the injection of microspheres and continuing for 150 s after the injection.
Sampling. Tissue samples weighing approximately 1 g were obtained from the anterior apical portion of the left ventricle in the ischemic zone ( Fig. 1, zone a) or the corresponding area of the sham and control dogs. In the dogs with coronary ligation samples were also obtained from the nonischemic adjacent lateral free wall midway between the apex and the atrioventricular ring ( Fig Preparation of samples. Each sample was subdivided into epicardial, midwall, and endocardial pieces (approx 300 mg each); individual samples, six from each dog, were quickly diced, frozen in liquid nitrogen, and stored until the biochemical analyses. A portion of each sample was used for the determination of blood flows; the remainder of the sample was processed for biochemical analyses. Quantitation of microspheres. Subsequently, each myocardial segment was weighed to the nearest milligram, placed in plastic tubes, and counted for 5 min in a 2-in. well-type scintillation counter with a sodium iodide crystal. The reference blood samples were divided into aliquots so that counting geometry was approximately similar to the tissue samples. The energy windows for counting were 400-550 keV for 85Sr, BOO-l,500 keV for 46Sc, and 650-800 keV for g5Nb (14) .
The myocardial blood flow was calculated using the following formula: MBF = CM x 100 x RBF + CR where MBF is myocardial blood flow in milliliters per 100 grams per minute, CM is counts per gram of myocardium, RBF is reference blood flow (rate of withdrawal from reference arteries), and CR is total counts in the reference blood (14) Dktermination of enzyme activity and norepinephrine. CAT activity is stable for at least 1 yr and TH for at least 4 wk (unpublished results). After storage for shorter periods than those noted above, the tissues were homogenized in 10 volumes (vol/vol) of ice-cold 5 mM potassium phosphate (pH 7.4) containing 0.2% Triton X-100 using a tissumizer (Tekmar, Cincinnati, OH). Duplicate portions (10 ~1) were taken for CAT and carnitine acetyltransferase activity measurements by the procedure of Roskoski et al. (18, 19) . After the remainder was centrifuged at 13,000 g (5 min 4°C) in an Eppendorf microfuge, TH activity was measured in 50-~1 portions of the supernatant by the method of Coyle (5).
Total tissue norepinephrine was measured by a modification of the alumina-trihydroxyindole procedure (3, 7, 16). Frozen tissue samples were homogenized in 0.4 N perchloric acid using a tissumizer, were adsorbed on alumina at a pH of 8.6, and were eluted with 5 ml 0.05 N perchloric acid. The fluorescent trihydroxyindole derivative, formed by oxidation with potassium ferricyanide and subsequent rearrangement in a strong base, was measured in a fluorescence spectrophotometer (PerkinElmer MPF-2A)
at an excitation wavelength of 396 nm and an emission wavelength of 500 nm. Statistical analysis of data. This was carried out using analysis of variance and Bonferroni's multiple t Imethod for the comparison of multiple group means (1, 24 Blood flow and carnitine acetyltransferase activity in response to LAD Ligation. In dogs killed 2.5 h after LAD ligation, blood flows in region a (Fig. 1 ) averaged 6 t 4
(SE) and 20 t 11 mlmin-' l 100 g-l of tissue in endocardium and epicardium, respectively, compared with corresponding flows of 70 t 11 and 92 * 12 ml. min-lo 100 g-l in sham dogs (P < 0.01) (Fig. 2) . Similar low flows were observed after longer intervals of LAD ligation (Fig.   2 ). The low flows after longer ischemia (25 and 170 h)
contrasted markedly with flows in sham dogs, some of which were unusually high. This could be a result of the unanesthetized state prior to microsphere injection and death.
In contrast to blood flow, carnitine acetyltransferase, a mitochondrial enzyme, remained normal in region a 2.5 h after LAD ligation but decreased significantly (P < 0.05) 5 h and longer after LAD ligation (Fig. 3) .
Changes in biochemical indices of sympathetic and parasympathetic innervation in response to LAD ligation. TH activity represents the sympathetic innervation to the heart, and CAT represents the parasympathetic innervation.
In most samples of region a obtained from dogs sacrificed 2.5 h after LAD ligation, TH activity, but not CAT activity, decreased appreciably although not to a level statistically Lines indicate mean values for S and LAD groups, respectively. Analysis of variance (24) was used to compare group means (S vs. LAD) at each time period. A value of >400 ml. min-l -100 g-l (not indicated) in epicardium of 1 dog was associated with vomiting and accounts for high mean value in S group at 170 h. All data points are from samples of region a indicated in Fig. 1 . This is the case also for data in Figs. 3- (Fig. 4) . After periods of LAD ligation longer than 5 h, CAT activity decreased in most samples of region a. However, differences between CAT activity in region a of sham and LAD groups did not achieve significance (P < 0.05) until 25 h after LAD ligation (Fig. 5) .
Norepinephrine concentrations varied widely in samples from region a of the LAD groups and in corresponding regions of the sham group (Fig. 6 ). There were no statistically significant differences among groups, only trends. Although there was variability in the norepinephrine content of ischemic tissues, the levels were directly related to both blood flow (r = 0.71, P < 0.05) and TH activity (r = 0.69, P < 0.05) 2.5 h after LAD ligation. At later times, and as norepinephrine declined, the relationships between norepinephrine and blood flow and norepinephrine and TH activity were less clear. Enzyme activities in nonischemic samples from dogs with LAD Ligation. Table 1 Table 2) . Values are means t SE for samples of endocardium. Blood flows and enzyme activities did not decrease in endocardium of region b after ligation of LAD except for the unexplained change of tyrosine hydroxylase activity at 170 h. Normal values are 117 t 7 mlmin-'0 100 g-l for blood flow, 10.4 t, 0.95 pmol= h-l g g-' for carnitine acetyltransferase activity, 18.3 t 0.7 nmol. h-'-g-' for tyrosine hydroxylase, and 1.13 t 0.06 nmol l min-' l g -l for choline acetyltransferase -activity (n = 3 dogs).
* n = 2. 
DISCUSSION
After coronary artery ligation, TH activity declined more rapidly than CAT activity. In addition, TH activity tended to be reduced more in endocardium than in epicardium in conjunction with blood flow. The data on TH activity raises significant questions. First, does a decrease in TH activity in infarcted heart represent a direct effect of ischemia on the enzyme or simply the result of a decrease in sympathetic neural activity? A decrease in efferent sympathetic activity is unlikely for the following reasons. TH activity in normal region b adjacent to ischemic/infarcted region a in dogs with LAD ligation did not decrease as might be expected if efferent sympathetic activity decreased. TH activity also did not decrease in the posterior left ventricle and lateral right ventricle of the separate groups of four dogs with 5 h of LAD occlusion. Similarly, in six dogs with LAD ligation, TH activity was maintained in samples intended to be from regions a but missing the infarcted zone. Again, TH activity was not decreased as might be expected if reductions in efferent sympathetic activity had occurred. Finally, in those dogs with LAD ligation and ischemia documented by direct measurements of blood flow, TH activity was lowest in endocardial samples with the lowest blood flows and nearer normal in epicardial samples with better preservation of blood flow. These results indicate that reductions in TH activity were localized and not generalized.
Norepinephrine content in ischemic or infarcted zones was more variable than the activity of TH. This is apparent at all time periods examined. The stress of surgery may have accounted for some of this as variability was equally pronounced in the sham and LAD groups. The present results are consistent with previous work by Schlebert et al. (21) , who demonstrated that thoracotomy per se reduced cardiac norepinephrine content. Although there was variability in the norepinephrine content of infarcted tissues, the levels were directly related to both blood flow (r = 0.71; P < 0.05) and TH activity (r = 0.69, P < 0.05) 2.5 h after LAD ligation. The early correlation between norepinephrine content and blood flow and norepinephrine content and TH activity suggests that ischemia and impaired synthesis also might have a significant role in the depletion of the sympathetic neurotransmitter.
The mechanisms responsible for reductions in TH and CAT activities would appear to involve specific pathophysiological responses to coronary artery ligation inasmuch as enzyme activities remained normal in region a of sham dogs and region b of sham and LAD dogs in conjunction with normal perfusion. This eliminates from consideration nonspecific causes related to surgery and anesthesia.
The conclusion that coronary artery ligation results in earlier reductions in TH activity than in CAT activity is strengthened by the study of the separate group of four dogs after 5 h of LAD occlusion. TH activity was significantly reduced only in the infarcted zone a, whereas CAT activity was maintained compared with the corresponding variables in normal tissues from an adjacent area of the anterior left ventricle (region b), posterior left ventricle (region c), and lateral right ventricle (region d) (see Table 2 ).
The decline in TH activity paralleled decreases in the activity of a mitochondrial enzyme, carnitine acetyltransferase. Because the activity of carnitine acetyltransferase increases in hypertrophied hearts (19) and decreases slightly in transplanted working hearts (13) , it is considered to be an index of cardiac cellular activity. Therefore, the decreases in carnitine acetyltransferase activity that occurred 5 h after LAD ligation are interpreted as an indication of cellular impairment. The parallel between decreases in TH activity and carnitine acetyltransferase activity suggests that changes in sympathetic innervation to ischemic heart zones occur in concert with this index of cellular activity. Perhaps TH activity is susceptible to intracellular degradation, hypoxia (5), or to conformation changes in response to phosphorylation or dephosphorylation (26) . Further studies will be required to define the precise reasons for the decline in TH activity in ischemic heart tissue.
The reductions in TH activity were detected earlier than the reported histochemical evidence of degenerative changes in the sympathetic innervation to ischemic SCHMID, GREIF, LUND, AND ROSKOSKI heart. Ahonen et al. (2) monitored catecholamine histofluorescence in ischemic zones and normal zones of rat heart. These investigators reported some diffusion of the histochemical reaction after 2-4 h of ischemia, more after 8 h of ischemia, and prominent diffusion of the histochemical reaction and loss of nerves after 2-4 days of infarction . The present data , although not directly indicative of loss of viability of sympathetic fibers in infarcted zones of canin .e heart, certainly in .dicates impairment of one aspect of sympathetic neural function. Considering the well-known responses of TH to substrate and cofactor control, product inhibition and stimulation, etc., it is quite possible that the measurements of TH at 2.5 h (Fig. 4) and other mechanisms) that could be affected selectively by ischemia, especially transient ischemia. It is possible that future investigations may detect changes in these other aspects of sympathetic neural function after shorter periods of ischemia.
The major finding in this study was the difference in time course of changes in TH activity and CAT activity in infarcted tissue. Significant reductions in CAT activity occurred after reductions in TH and carnitine acetyltransferase activities. This suggests anisms may have been responsible l tha 9 m t separate mechpart, for the observed changes in CAT activity. The relatively greater stability of CAT activity despite the presence of ischemia is noteworthy in view of previous findings that CAT activity also is maintained in the hypertrophied and failing heart in contrast to a decrease in TH activity (23) .
We can speculate about the possible significance of these results. First, the disparity between sympathetic
